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(57) ABSTRACT

A method for improving within-wafer umiformity is provided.
The method includes forming an electrical component by a
first process step and a second process step, wherein the
clectrical component has a target electrical parameter. The
method 1includes providing a first plurality of production tools
for performing the first process step; providing a second
plurality of production tools for performing the second pro-
cess step; providing a waler; performing the first process step
on the water using one of the first plurality of production
tools; and selecting a first route including a first production
tool from the second plurality of production tools. A within-
waler uniformity of the target electrical parameter on the
waler manufactured by the first route 1s greater than a second
route including a second production tool 1n the second plu-
rality of production tools.

15 Claims, 3 Drawing Sheets
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AUTO ROUTING FOR OPTIMAL
UNIFORMITY CONTROL

TECHNICAL FIELD

This mvention relates generally to integrated circuits, and
more particularly to within-water uniformity control 1n the

formation of integrated circuits.

BACKGROUND

Modern integrated circuits are formed by many, often hun-
dreds of, process steps. The formation of each component 1n
the integrated circuit may mvolve several process steps. For
cach of the process steps, there 1s often a plurality of identical
production tools for performing the same task in order to
improve throughput. However, each watler 1s processed by
only one of the production tools for one process step.

Currently, the decision as to which production tool a water
will be sent to 1s made by a dispatching system. The existing
dispatching system primarily makes the dispatching decision
based on the production efliciency. For example, a water will
be typically sent to a production tool that has finished prepa-
ration steps, such as pre-heating, and is ready for performing,
the task. Also, the dispatching system may determine the
queuing time of each of the production tools, and send the
waler to the production tool with the shortest queuing time.

Alternatively, a water may be dispatched to a production
tool having a higher production yield than others. Some pro-
duction tools, for example, chemical mechanical polishing
tools, may generate higher process variations than others.
These higher process variations may cause circuit failure for
some very small-scale integrated circuits, and yields of pro-
duction tools may be noticeably different from each other.

The existing dispatching system, however, does not take
the within-wafer uniformity of the integrated circuits into
account. For high performance integrated circuits, the within-
waler uniformity of the integrated circuits has become an
important 1ssue for the stability of integrated circuits. Further-
more, with the down-scaling of integrated circuits, small
variations in a physical characteristic may result in a signifi-
cant variation in electrical performance. New methods for

improving the within-wafer umiformity of integrated circuits
are thus needed.

SUMMARY OF THE INVENTION

In accordance with one aspect of the present invention, a
method for improving within-wafer uniformity 1s provided.
The method includes forming an electrical component by a
first process step and a second process step, wherein the
clectrical component has a target electrical parameter. The
method includes providing a first plurality of production tools
for performing the first process step; providing a second
plurality of production tools for performing the second pro-
cess step; providing a waler; performing the first process step
on the waler using one of the first plurality of production
tools; and selecting a first route including a first production
tool from the second plurality of production tools. A within-
waler uniformity of the target electrical parameter on the
waler manufactured by the first route 1s greater than a second
route 1mcluding a second production tool 1n the second plu-
rality of production tools.

In accordance with another aspect of the present invention,
a method of forming an 1ntegrated circuit includes providing
a water; performing a first process step on the water; after the
first process step, determining a first non-uniformity of inte-
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grated circuit components on the water; predicting unifor-
mity profiles of a plurality of production tools for performing
a second process step, wherein combinations of the first non-
unmiformity and the plurality of production tools affect a target
clectrical parameter of target components on the wafer;
selecting a production tool from the plurality of production
tools according to the uniformity profiles, wherein the pro-
duction tool has a uniformity profile matching the first non-
uniformity; and dispatching the water to the production tool.

In accordance with yet another aspect of the present inven-
tion, a method of forming metal lines includes providing a
plurality of etchers; providing a plurality of chemical
mechanical polish (CMP) tools; providing a water; etching
the wafer to form trenches; measuring dimensions of the
trenches at a plurality of points on the wafer to determine a
non-uniformity of trench depths; filling the trenches with a
metal-containing material; determining uniformity profiles
of the CMP tools; and selecting a CMP tool from the plurality
of CMP tools and performing a CMP using the CMP tool to
form metal lines, wherein the CMP tool has a uniformity
profile matching the non-uniformity of the trenches.

By matching unmiformity profiles of the production tools for
the second process step, the within-water non-uniformity
caused by the first process step 1s at least partially compen-
sated for. The within-water uniformity can thus be improved.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereol, reference 1s now made to the
tollowing descriptions taken 1n conjunction with the accom-
panying drawings, in which:

FIG. 1 schematically illustrates an exemplary copper line
formation process;

FIG. 2 1llustrates experiment results showing the effect of
different routes to the within-wafer umiformity variations 1n
the copper line formation process;

FIG. 3 1llustrates trenches formed on a water, wherein the
trenches formed at different points of the watfer have different
widths and depths;

FIG. 4 1llustrates copper lines formed on a wafer, wherein
the copper lines formed at different points of the water have
different widths and thicknesses:

FIG. 5 illustrates a flowchart of an embodiment of the
present invention, wherein an electrical parameter of a com-
ponent 1n an integrated circuit 1s atfected by two process
steps; and

FIG. 6 illustrates a flowchart of an embodiment of the
present invention, wherein an electrical parameter of a com-
ponent 1 an integrated circuit 1s affected by three process
steps.

DETAILED DESCRIPTION OF ILLUSTRATIV.
EMBODIMENTS

L1

The making and using of the presently preferred embodi-
ments are discussed 1n detail below. It should be appreciated,
however, that the present invention provides many applicable
inventive concepts that can be embodied 1n a wide variety of
specific contexts. The specific embodiments discussed are
merely 1llustrative of specific ways to make and use the inven-
tion, and do not limit the scope of the mvention.

As 1s known 1n the art, a water typically includes a plurality
of semiconductor chips (also referred to dies 1in the art) having
identical integrated circuit design. However, from chip to
chip, the physical and electrical characteristics of integrated
circuits may vary, and the variations are often referred to as
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within-water (WiW) uniformity or WIW uniformity varia-
tions. A waler having a high WiW uniformity value or a low
WIW uniformity variation means that the semiconductor
chips on the wafer have a higher degree of similarity.

A component 1n an integrated circuit on a wafer may be
formed by several process steps, each being performed by a
production tool. Some or all of these process steps may aflect
the W1iW uniformity of a target electrical performance of
identical components on different semiconductor chips. The
embodiments of the present invention provide a method to
improve the WiW uniformity using the interaction between
the process steps. To explain the concept of the present inven-
tion, the W1W uniformity of resistivity (RsU) of copper lines
1s used as an example. It 1s noted that the concept of the
present invention 1s readily applicable on the improvement in
the electrical parameter of other features, such as drive cur-
rent W1W uniformity (IdU).

FI1G. 1 illustrates an exemplary process for forming copper
lines. The production of the copper lines 1n water 10 involves
the steps of forming trenches 12 1 water 10, filling trenches
12 with copper 14, and performing chemical mechanical pol-
1sh (CMP) to form copper lines 16. The task of forming the
trenches 1s shared by two etchers, namely etcher 1 and etcher
2. The task of CMP 1s shared by four CMP tools, namely CMP
tool 1, CMP tool 2, CMP tool 3 and CMP tool 4. Each sample
waler goes through a route including one of the etchers 1 and
2 and one of the CMP tools 1 through 4.

FIG. 2 1llustrates an experiment’s result showing the W1iwW
RsU vanation of a plurality of wafers, wherein the sample
walers have copper lines as shown 1n FIG. 1 formed therein,
and the W1W RsU are the uniformity of the copper lines. The
Y-axis represents all combinations of possible routes, and the
X-axis represents the statistical range of the WiW RsU uni-
formity variation of the waters that went through different
routes. The WiW RsU uniformity variation of the sample
walers 1s measured after the formation of copper lines 16
(refer to FIG. 1).

The results shown 1n FIG. 2 1llustrate that the routes of the
walers atlect the WiW RsU uniformity variations of the
walers. For example, waters that went through a route includ-
ing etcher 1 and CMP tool 3 had a RsU umiformity vanation
range of between 4 percent and about 6 percent, while waters
that went through a route including etcher 2 and CMP tool 1
had a RsU uniformity vanation range of between 9 percent
and about 11 percent. The average RsU uniformity variations
of some routes may thus double the values of others. It 1s
percerved that both etchers and CMP tools may generate
non-uniformities. In some of the production routes, the non-
uniformities of the respective etcher and the respective CMP
tool compensate for each other. In other words, the non-
uniformities of the respective etcher and the respective CMP
tool at least partially cancel each other, and hence the thick-
nesses of the resulting metal lines on a water are more uni-
form. Accordingly, the W1W RsU (of the copper lines) of the
waler 1s improved. In other production routes, the non-uni-
formities of the respective etcher and the respective CMP
tools are added together, causing an even greater non-unifor-
mity 1n the WiW resistivity. The following discussed embodi-
ments of the present invention provide a method for selecting
an optimum route, so that the non-uniformity of the produc-
tion tools can compensate for each other, and the resulting
physical characteristics and/or electrical performances have
optimum WiW uniformities.

Referring to FIG. 3, in an embodiment of the present inven-
tion, wafer 30 1s etched by one of the etchers, forming
trenches 32 including trench 32, at the center of water 32, and
trenches 32,, and 32, 1n semiconductor chips close to the
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edges of water 30. An after-etching inspection (AEI) 1s then
performed on water 30 to estimate the widths W (including
W1 and W2) and depths D (including D1 and D2) of trenches
32. Typically, the estimation includes measuring the widths
W and depths D of trenches at a limited number of selected
points (locations) scattered on walfer 30. In an exemplary
embodiment, nine points are selected. The selected points are
preferably identical positions of different chips. Accordingly,
the uniformaities of the widths W and depths D of trenches 32
are obtained. FIG. 3 schematically illustrates three of the
measured points. In the discussed exemplary embodiment,
the trench formation causes a first non-uniformity. Accord-
ingly, trench depth D1 atpoint 32, 1s different from the trench
depth D2 at points 32, and 32,, and the width W1 at point 32,
1s different from the width W2 at points 32, and 32,. The first
non-uniformity 1s collected by a dispatching system.

To compensate for the first non-uniformity, an appropriate
CMP tool 1s needed. Accordingly, CMP tools 1 through 4 are
evaluated. The evaluation of CMP tools 1 through 4 are per-
tformed by performing a CMP on a wafer for each of the CMP
tools 1 through 4, and then measuring the polish rates at the
same locations (for example, the same nine points) as shown
in FIG. 3. The polish rates at the nine points are used to
construe a uniformity profile of the respective CMP tool.
Typically, integrated circuit manufacturing tools vary in per-
formance, although they are made to be 1dentical. CMP tools
1 through 4 will also have different CMP profiles.

It 1s realized that the CMP profile of each of the CMP tools
may vary with time. Accordingly, the evaluation of the CMP
tools 1 through 4 1s preferably performed from time to time.
In an embodiment, the uniformity profile evaluation of the
CMP tools 1s performed in real-time, wherein after a water 1s
polished, an after-polish ispection (API) 1s performed to
measure the dimensions, including the depths D of copper
lines 34 (refer to FIG. 4), to obtain the CMP profiles of the
CMP tool for polishing the water. The real-time measured
CMP profiles can be used for the manufacturing of the sub-
sequent wafers. In other embodiments, the CMP profile
evaluation may be preformed periodically. The optimum
period depends partially on the stability of the CMP profiles,
and the more stable the CMP profiles are, the longer the
period can be. In an exemplary embodiment, the evaluation of
the CMP profiles 1s performed daily or semi-daily.

Knowing the first non-uniformity of water 30 after the step
of forming trenches 32 (refer to FIG. 3), the dispatching
system selects the best route, and dispatches water 30 to a
CMP tool having a uniformity profile matching the first non-
uniformity. The selected CMP tool will almost inevitably
create a second non-uniformity during the CMP step.
Throughout the description, when a uniformity profile of a
manufacturing tool 1s referred to as “matching” the first non-
uniformity, 1t means that uniformity profile has a net effect of
canceling the first non-uniformity, so that the resulting uni-
formity of the target electrical parameter (for example, the
RsU) 1s improved. In the resulting structure as shown 1n FIG.
4, the second non-uniformity of the selected CMP tool com-
pensates for the first non-uniformity, and hence the resulting
metal lines 34 throughout the water 30, which metal lines 34
include the illustrated metal lines 34,, 34,, and 34,, have an
optimum W1W RsU uniformity. In an embodiment, the dis-
patching system may determine a target non-uniform that
may totally cancel the first non-uniformity, and selecting the
CMP tool having a uniformity profile best matching the target
non-uniformity. For example, i1 the AEI results of a wafer
reveal that depth D1 1s greater than depths D2 (refer to FIG.
3), the dispatching system will try to select one of the CMP
tools 1 through 4 that has a greater polish rate at the center of
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walers than at edge regions. Conversely, 11 the AFEI results
reveal that depth D1 1s less than depths D2 (refer to FIG. 3),
the dispatching system will try to select one of the CMP tools
1 through 4 that has lower polish rate at the center of waters
than at the edge regions.

The dispatching system may also set up a priority list,
which lists the order of CMP tools according to the degrees of
matching between the uniformity profiles of the CMP tools
and the first non-uniformity, from the best to the worst. The
dispatching system may combine other criteria with the Wiw
uniformity requirement to determine preferred routes. In an
embodiment, the dispatching system queries the queuing
time of each of the CMP tools 1 through 4, and will try to
dispatch water 30 to the best matching CMP tool. If the best
matching CMP tool has a longer queuing time than other
CMP tools, water 30 may be dispatched to the second best
matching CMP tool, or other CMP tools accordingly to the
priority list.

Advantageously, the embodiments of the present invention
have the ability of routing wafers in real-time to the best
routes based on the uniformity of trenches. The priorty list
turther makes 1t possible for improving the target electrical
parameter of the watfers without sacrificing the throughput.

Generally, the method discussed 1n the preceding embodi-
ment may be discussed using the flowchart shown 1n FIG. 5,
which shows the steps for optimizing a uniformity of a target
clectrical parameter of a component, whose formation
includes two uniformity-atiecting process steps. Referring to
FIG. S5, a first process step for forming the component is
performed on a water (step 40). The water 1s then measured to
obtain a first non-uniformity that will atfect the target elec-
trical parameter (step 42). The unmiformity profiles of all pro-
duction tools for performing the second process step are also
evaluated (predicted, step 44). Step 44 may be performed
using the data obtained from previously processed wafers, or,
by evaluating sample waters periodically, wherein the sample
walers are specifically designated for evaluating the produc-
tion tools. A production tool having a uniformity profile
matching the first non-uniformity 1s then selected (step 46),
and the wafer 1s dispatched to the selected production tool to
perform the second process step (step 48). The target electri-
cal parameter of the resulting water will thus have an opti-
mum W1W umformity. Further, after the second process step,
the waler may be measured to obtain a second non-uniformity
(step 52), which 1s used for evaluating the uniformity profiles
of the production tools used for the second process step (step
44). One skilled in the art will realize that uniformity and
non-uniformity are complementary concepts. In the above-
discussed tlowchart, instead of obtaining the first non-unifor-
mity from the wafer, a first uniformity may be obtained from
the water and used 1n the W1W uniformity improvement.

The concept of the present invention may also be applied to
clectrical parameters of integrated circuit components
formed using three or more uniformity-affecting process
steps. FIG. 6 shows an exemplary flowchart comprising three
uniformity-affecting process steps. In a first embodiment, the
production tools for the second and the third process steps are
evaluated to obtain their uniformity profiles (steps 44 and 50).
Steps 40 through 48 are essentially the same as shown 1n FIG.
5. After the second process step 1s performed (step 48), the
waler 1s measured to obtain a second non-uniformity that waill
alfect the target electrical parameter (52). The dispatching
system then tries to dispatch the waler to a production tool
(for performing the third process step) that compensates for
the second non-uniformity the best (steps 54 and 56). Simi-
larly, after the third process steps, the water can be measured
to obtain a third non-uniformity (step 58), from which the
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unmiformity profiles of the production tools for the third pro-
cess steps can be evaluated. In a second embodiment, the
production tools for performing the second process step are
not specifically selected for uniformity matching purposes,
and only a production tool for performing the last process
steps (the third process step 1n this case) 1s evaluated and
selected for the uniformity matching purpose. Accordingly,
the non-uniformity generated 1n all of the preceding process
steps 1s only compensated for by the last process step.

Although the present invention and 1ts advantages have
been described 1n detail, 1t should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention as
defined by the appended claims. Moreover, the scope of the
present application 1s not intended to be limited to the par-
ticular embodiments of the process, machine, manufacture,
and composition of matter, means, methods and steps
described 1n the specification. As one of ordinary skill 1n the
art will readily appreciate from the disclosure of the present
invention, processes, machines, manufacture, compositions
of matter, means, methods, or steps, presently existing or later
to be developed, that perform substantially the same function
or achieve substantially the same result as the corresponding
embodiments described herein may be utilized according to
the present invention. Accordingly, the appended claims are
intended to include within their scope such processes,
machines, manufacture, compositions of matter, means,
methods, or steps.

What 1s claimed 1s:

1. A method of forming an 1integrated circuit comprising a
first process step and a second process step for forming an
clectrical component, wherein the electrical component has a
target electrical parameter, the method comprising:

providing a first plurality of production tools for perform-

ing the first process step;

providing a second plurality of production tools for per-

forming the second process step;

providing a wafer;

performing the first process step on the waler using one of

the first plurality of production tools;

selecting a first route including a first production tool from
the second plurality of production tools, wherein a
within-water uniformity of the target electrical param-
cter on the waler manufactured by the first route 1s
greater than a second route 1including a second produc-
tion tool 1n the second plurality of production tools; and

performing the second process step on the water using the
first production tool.

2. The method of claim 1, wherein the within-wafer uni-
formity of the target electrical parameter on the water manu-
factured by the first route 1s the greatest among all routes, and
wherein each of the all routes comprises one of the second
plurality of production tools, and the one of the first plurality
of production tools.

3. The method of claim 1, wherein the step of selecting the
first route comprises:

measuring a non-uniformity of the water after the step of
performing the first process step;

determining uniformity profiles of the second plurality of
production tools; and

selecting a production tool from the second plurality of
production tools, wherein the production tool has a uni-
formaity profile matching the non-uniformity.

4. The method of claim 3, wherein the step of measuring
the non-uniformity of the water comprises:
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selecting a plurality of points on the wafer;

measuring dimensions of integrated circuit components at
the plurality of points, wherein the within-water unifor-
mity of the target electrical parameter belongs to the
integrated circuit components; and

calculating the non-uniformity of the wafer from the

dimensions of the integrated circuit components.

5. The method of claim 3, wherein the step of determining,
the uniformity profiles of the second plurality of production
tools 1s performed periodically.

6. The method of claim 3, wherein the step of selecting the
production tool from the second plurality of production tools
COmMprises:

setting a priority list of the second plurality of production

tools, wherein production tools in the prionty list are
arranged according to degrees of the uniformity profiles
matching the non-uniformaity.
7. The method of claim 6 further comprising selecting the
first production tool, wherein the first production tool 1is
behind an additional production tool having the highest pri-
ority in the prionity list, and wherein the first production tool
has a shorter queuing time than the additional production tool.
8. A method of forming an 1ntegrated circuit, the method
comprising;
providing a wafer;
performing a first process step on the wafer;
after the first process step, determining a first non-unifor-
mity of integrated circuit components on the water;

predicting umiformity profiles of a plurality of production
tools for performing a second process step, wherein
combinations of the first non-uniformity and the plural-
ity of production tools affect a target electrical parameter
of target components on the wafer;

selecting a production tool from the plurality of production

tools according to the uniformaity profiles, wherein the
production tool has a uniformity profile matching the
first non-uniformity;

dispatching the water to the production tool; and

performing the second process step using the production

tool.

9. The method of claim 8, wherein the uniformity profile of

the production tool matches the first non-uniformity better
than remaining ones of the plurality of production tools.

10. The method of claam 8 further comprising setting a
priority list of the plurality of production tools, wherein the
plurality of production tools 1n the priority list are arranged
according to degrees of the uniformity profiles for matching
the first non-uniformaity.

5

10

15

20

25

30

35

40

45

8

11. The method of claim 10, wherein the step of selecting
the production tool from the plurality of production tools
COmprises:

determiming queuing times of the plurality of production

tools; and

selecting the production tool, wherein the production tool

1s not a first one 1n the priority list, and wherein the
production tool has a shorter queue time than the first
one in the priority list.
12. The method of claim 8, wherein the step of determining
the first non-uniformity of the wafer comprises:
selecting a plurality of points on the wafer;
measuring dimensions of the target components at the plu-
rality of points, wherein the dimensions of the target
components affect the target electrical parameter; and

determiming the first non-umiformity of the wafer from the
dimensions of the target components.

13. The method of claim 8, wherein:

the target electrical parameter 1s a resistivity of copper

lines:

the target components are copper lines;

the first non-uniformity 1s a non-uniformity of depths of

trenches; and

the plurality of production tools are chemical mechanical

polish tools.

14. The method of claim 8, wherein the step of predicting
the uniformity profiles of the plurality of production tools
comprises measuring waiters processed previously by the plu-
rality of production tools.

15. The method of claim 8 further comprising;:

alter the second process step, determining a second non-

uniformity of additional components on the watfer,
wherein the additional components are formed by the
second process step;

predicting additional uniformity profiles of additional pro-

duction tools for performing a third process step,
wherein combinations of the second non-uniformity and
the additional uniformity profiles atfect the uniformity
of the target electrical parameter;

selecting an additional production tool from the additional

production tools, wherein the additional production tool
has a uniformity profile matching the second non-uni-
formity;

dispatching the water to the additional production tool; and

performing the third process step using the additional pro-

cess tool.
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